Abstract -We present a semi-analytical model that predicts the excitation of surface-plasmon polaritons (SPP) on a graphene sheet located in front of a sub-wavelength slit drilled in thick metal screen. We identify the signature of the SPP in the transmission, reflection, and absorption curves. Following previous literature on noble-metal plasmonics, we characterize the efficiency of excitation of SPP's in graphene computing a spatial probability density. This quantity shows the presence of plasmonics resonances dispersing with the Fermi energy, EF , as √ EF an unambiguous signature of graphene plasmons.
Introduction. -Surface-plasmon polaritons (SPPs) are localized in space electromagnetic fields oscillating at the interface between a metal and a dielectric. Photon confinement and its application to nano-optics is only one example where SPPs have been explored to the creation of new sub-wavelength technologies. This has caused an increasing interest in studying this type of electromagnetic fields (see [1] and references therein).
However, due to the mismatch between photon momentum in the free space and the SPP momentum, shinning light directly on a metallic-dielectric interface will not generate SPPs [2] . Therefore, a large number of structures have been investigated in order to understand how SPPs are produced. The central question is about the most effective way to achieve their excitation. Traditional forms of exciting SPPs encompasses the total attenuate reflection scheme, the use of gratings, and shinning electromagnetic radiation at wedges and slits. Among these structures, metal slits [3] [4] [5] , gratings [6, 7] , and indentations allow the excitation of localized surface-plasmons [8] .
Theoretically, the excitation of SPPs requires that the metallic structures are treated beyond the perfect metal approximation. This can be done in different ways, either modeling the metal by sophisticated Drude and Lorentz models, or assuming the surface impedance boundary condition (SIBC) [7, 8] , the latter having the advantage that does not require solving Maxwell's equations in the metal to obtain the fields in the space surrounding the metallic nano-structure.
The scattering problem of such structures has been studied long before SPPs became an active field in both nano-optics and surface science [9] [10] [11] [12] . In this context, Kang, Eom, and Park [13, 14] were, to our best knowledge, the first to describe, in a closed theoretical form, the behavior of light propagation through a slit aperture on a thick metallic screen. On the other hand, most of the former works have developed either semi-analytical methods or powerful computational tools [15] [16] [17] [18] in order to make quantitative predictions of how light propagates through apertures. However, they did not consider the SPP generation at the input or output sides of the slit [19] .
The interest in SPPs received a strong boost after the pioneering work of Ebbesen et al. [20] , since the excitation of SPPs in the slits of the metallic screen was at the root of the interpretation of the so called extraordinary optical transmission (EOT). This unexpected phenomenon is characterized by sharp peaks on the transmission spectrum when light passes through sub-wavelength indentations on a thin metal film. However, Gay et al. [21] have put forward an alternative explanation of EOT. In their interpretation, EOT exists due to a new type of surface wave, called by those authors "composite diffracted evanescent waves" (CDEW). Their interpretation, was argued, should have a better agreement with their experimental results than the SPP model. SPPs are decisive to describe EOTs has been given in a paper by Lallane et al. [22] . In this work, the authors concluded that Gay et al. results are due to some possible experimental error, such as impurities on the film they have used.
Considering one-dimensional lamellar metallic gratings with sub-wavelength slit apertures, Lallane et al. [23] have developed a simple semi-analytical model for determining the transmission through a grating, relying on the fact that metallic films behave as monomode waveguides.
In two other papers [19, 24] , Lallane et al. built a semianalytical model that predicts the creation of SPPs due to a sub-wavelength slit in a thick metal screen. Their results were shown to be in excellent agreement with computational and experimental results, even for noble metals with low conductivity. The work is based on a two stage scattering mechanism where they considered the diffraction problem in the vicinity of the aperture, followed by the launching of SPPs on the metallic-dielectric interface.
SPP's in graphene have recently created a new field of research in nanophotonics, generating an intense interaction between experimental results, technological applications, and analytical and numerical modeling [25] . Graphene surface-plasmon polaritons provide some advantages over noble metal plasmonics (in the infrared range), such as strong spatial confinement and long propagation lengths, with the additional benefit of being electrically and chemically tunable [26] [27] [28] [29] .
In this context, there is the need for discussing the excitation of surface-plasmons on a graphene sheet covering a slit on a thick metal screen. In the present work, we shall consider a TM polarized field propagating in a waveguide and emerging from an aperture covered by graphene. We assume that the field propagating in the wave-guide is the fundamental mode, an approximation also considered in Refs. [19, 24] . Quantitatively, we compute how efficiently will the power be transmitted from the outgoing mode to the graphene plasmons. In other words, we must obtain the transmission, reflection, and absorption of the electromagnetic radiation impinging on the graphene sheet, as well as the spatial probability density of exciting surfaceplasmons.
Modes in the cavity and field amplitudes: emission of a wave at the aperture of a slit. -The geometry of the problem we are dealing with in this paper is represented in Fig. 1 . In region 2 (z < 0, −w < x < w), an incident TM polarized radiation propagates through a slit aperture on a semi-infinite perfect metal screen, thus producing a reflected and a transmitted component. The dielectric constant of the wave-guide is 2 , the dielectric constant between graphene the metallic screen is s , and, finally, the dielectric constant bellow graphene is 1 . After the radiation emerges from the slit, it propagates until reaching the graphene sheet, where reflected and transmitted waves are created. Finally, in region 1 the fields propagate freely. In what follows, we assume a time dependence of the fields of the form e −iωt , which is suppressed in all the equations below. The geometry studied in this work. A TM polarized radiation, emerging for an aperture (of width 2w) on a perfect metal screen, passes through an intermediary media and impinges on graphene, thus creating a SPP at the graphene sheet, which is located at a distance d from the metal slit.
Waveguide modes. As already mentioned, the slit acts as a waveguide and the impinging radiation is propagating along it. Assuming that the metallic screen is a perfect electric conductor, the tangential component of the electric field must vanish at the slit walls, and, since we are considering a TM polarization, the electric field will have only the x and z components. On the other hand, the magnetic field has only a finite y component. The modes propagating on a semi-infinite slit have already been calculated by Park et al. [30] . We can separate the magnetic field into its fundamental part plus the remaining modes, thus obtaining
where
, and b m is the mode amplitude. The electric field components follow from Maxwell's equations and read Ψ m (x) = cos[a m (x − w)]. We will consider only the fundamental mode as the impinging one, which is the core approximation of the method proposed here and also considered in the past [19, 24] . The constant b 0 is fixed by the power per unit length of the incoming mode:
where, from here on, we consider |b 0 | = 1. Within the introduced approximation, and considering the reflected part of the wave, the magnetic field at region 2 turns out to be H
where r 0 is the reflection coefficient. The electric field, then, becomes
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Excitation of SPP's in graphene by a waveguide mode
Now that we have defined the waveguide modes, lets determine the scattered modes, which propagate on regions S and 1.
Scattered modes. Differently to the waveguide modes, which are finite and have a discrete representation, the scattered modes are continuous and represented by a Fourier transform. In region S, the one between the metal and the graphene sheet, we write the fields as
where ζ S,k = S ω 2 /c 2 − k 2 , and A k and B k are the incident and reflected amplitudes, respectively. For region 1, below the graphene sheet, we have
where ζ 1,k = 1 ω 2 /c 2 − k 2 and t k is the transmission amplitude. A straightforward result is the propagating power along the z−direction, which is given by
As we can see from the above equations, in order to fully determine the waveguide and scattered modes is necessary to obtain the explicit expressions for the amplitudes r 0 , A k , B k , and t k . In the next section, we use the boundary conditions for determining the previous scattering coefficients.
The boundary conditions.
Since the screen is composed by perfect metal, the fields are zero for z < 0 and x < −w or x > w. The boundary conditions
and E
x (x, 0) = E (S)
apply in the aperture at z = 0. Assuming that graphene is a perfect two-dimensional material, the other two boundary conditions that hold at z = d are: [31] :
which implies the continuity of the tangential component of the electric field and the discontinuity of the tangential component of the magnetic field through the graphene interface, due to the finite conductivity σ(ω) of graphene. For modeling the conductivity, and for simplicity, we represent it by the Drude conductivity, σ(ω) [31] :
where α is the fine structure constant α = e 2 /(4π 0 c), E F is the Fermi energy of graphene, and, hereafter, we will take Γ = 10 −3 eV. Note that this is a good approximation if we work in the infrared part of the electromagnetic spectrum and have graphene not too close to the metal slit, since, otherwise, nonlocal effects woud become important.
Inserting the electric and magnetic fields for the three regions in the boundary conditions (13) to (16), we obtain
which is a system of four equations whose solution can be easily obtained. Since we cannot perform the integral in Eq. (18), we first find the solutions for A k , B k , and t k in terms of r 0 :
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Now, replacing Eqs. (22) and (23) into Eq. (18), we obtain
The above integral cannot be solved analytically. Thus, the method of analysis of the scattering problem is analytically up to the calculation of the J. Since we have found A k , B k , r 0 , and t k , the electric and magnetic fields became completely determined. The next step is to evaluate how efficiently the power per unit area is transmitted from the aperture to graphene plasmons. One method of evaluating this coupling is computing the transmission, reflection, and absorption.
Finally, we note that although we have approximated the field in the slit by a single propagating mode, this approximation is valid since all the other modes of the slit are located at a much larger frequency and therefore they are all evanescent in nature. It would not be very difficult to include some of the low lying evanescent modes in the calculation. But this would imply a cumbersome (and unnecessary) expression for R and T .
Reflection, transmission and absorption. The reflection and transmission are, respectively, defined as: R = |r 0 | 2 and T = P
(1)
z , which, from Eqs. (2), (12) , and
In Fig. 2 , we plot the curves for R and T in terms of ω/E F , considering two different Fermi energies. That is, we are computing R and T for different values of the conductivity, σ(ω, E F /2) and σ(ω, E F ). As an example, we have calculated the reflection and transmission (see Fig.  2 ), and absorption (see Fig. 3 ) curves for Fermi energy E F = 1 eV, d = 0.3 µm, and half of the slit aperture w = 2 µm. We can see that there are peaks in the reflection at ω/E F ≈ 0.028 for R(E F /2) (orange dashed line), and ω/E F ≈ 0.04 for R(E F ) (orange solid line). These peaks are identified with the excitation of SPPs in graphene. It is well known that ω SP P ∝ √ E F , therefore, we must have
This result implies that for peaks associated with E F 1 = 2E F 2 , Eq. (29) predicts a ratio of √ 2 ≈ 1.4. For the case of Fig. 2 , we find from inspection of the curves The peaks at the reflection curves correspond to the excitation of SPPs at those frequencies, which are approximately ω/EF ≈ 0.028 for R(EF /2) and ω/EF ≈ 0.04 for R(EF ). Note that the peak of the reflection disperses with EF . This is a plasmonic effect, where the reflection is enhanced by plasmonic assistance.
, which is in excellent agreement with the predicted value. The same result is retrieved from the absorption curves depicted in Fig. 3 . For making explicit the dependence of the frequency of excitation of SPPs on the Fermi energy, we depict in Fig.  3 (bottom panel) the frequency corresponding to the maximum of absorption (in the SPP region) as function of the Fermi energy and we fit the data points with a function of the form C √ E F and found an excellent agreement. The large bump seen in the absorption curve at low frequencies is due to the excitation of waveguide modes between graphene and the metal (see discussion ahead) and not to the excitation of SPPs: its intensity increases with E F but does not disperses as E F varies. This is confirmed making a density plot of the fields in that frequency range: the intensity of the fields is (almost) zero everywhere, except in the gap region between graphene and the metal.
SPP exciation efficiency at the graphene sheet. -In this section, we determine the spatial probability density, |α ± (x)| 2 , for exciting SPP's. The quantities |α + (x)| 2 and |α − (x)| 2 are the spatial probability density of a SPP propagating to the right and to the left of the slit, respectively. In order to compute it, we must define the magnetic and electric fields on the graphene sheet. Graphene acts as an open waveguide, therefore, supporting both SPP and radiative modes, allowing us to write the composite fields as a superposition of the two types of modes [24] 
and
p-4 where H y,spp and E z,spp represent the SPP modes and H y,rad and E z,rad the radiative modes. The modes are orthogonal [32] as long as we neglect dissipation:
Therefore, in order to compute the probability density, we must obtain the SPP fields. In addition, it will be only necessary to calculate α + (x), since, by symmetry,
. The probability density |α + (x)| 2 of exciting a SPP. On physical grounds, we can assume that, for x > w, we have α − (x) ≈ 0 [19] , and using the orthogonality relations the result for α + (x) follows:
The fields H y and E z have already been determined and the SPP fields are obtained in Ref. [33] (see also supplementary material). Hence, the z−dependence of the magnetic SPP field reads
while the nonzero components of the electric field are:
Inserting the definitions of the fields into (33), we get, for the numerator
and, for the denominator,
where u 2 and v 2 are given by [33] :
In Fig. 4 , we plot the spatial probability density |α(x)| shows that these peaks in |α(ω, x)| 2 are associated with the excitation of surface-plasmons in graphene. We obtain the same result if we take the ratio between the second (less intense) peaks of the E F and E F /2 curves, which in this case Eq. (29) also predicts a value of √ 2. Figure 4 also allows to extract information about the wave-number of the SPP. For a graphene sheet at large distance from the metal, the frequency of the SPP is proportional to the square-root of the wave-number q: ω ∝ √ q, whereas for close distances to the metal we have ω ∝ q. Let us fix our attention, for example, on the red curve of Fig. 4 . There are two well defined peaks. Assuming that q ∝ nπ/w, where n is an integer, and labeling the frequency of the SPP by the number n, it is clear, for large distances, that ωn+1 ωn = (n + 1)/n. If we now read the frequency of the two maxima we find ω 1 /E F = 0.087 and ω 2 /E F = 0.058. Taking the ratio we find: ω 2 /ω 1 = 1.5 ≈ √ 2 in approximate agreement with the previous frequency ratio.
Choosing the frequency in Fig. 4 where there is a peak, we should be able to extract the wavelength of the SPP modes from the plots of the electric fields. Therefore, we have chosen the frequency of the first plasmonic peak of |α(x)| 2 for the E F curve in Fig. 4 , that is, the peak located at ω/E F = 0.0669. After extracting this frequency, we calculated the density plot of the z− and x−components of the electric field in regions S and 1, given by Eqs. (7), (8) , (10) , and (11). In Fig. 5 , we clearly see, in the region between the metal and the graphene sheet, the existence of maxima and minima associated with the plasmon field.
For highlighting the waveguide modes in the low frequency region, in Fig. 6 we have considered the frequency ω/E F = 0.02, which is located in the yellow region of Fig. 3 . It is clear from density plot that the field is very intense in the region between graphene and metallic screen and is very weak above the graphene sheet. This behavior is characteristic of a waveguide mode. Final Remarks. -In this paper, we have considered a slit of width w in a semi-infinite perfect metal screen, which is at a distance d from a graphene sheet. The goal was to study the excitation of SPP modes on graphene. We first defined the three regions of interest, one inside the metal, the other between the graphene sheet and the metal, and the last one below graphene. Then, we considered only the fundamental mode of the incident field as the impinging one, and, after applying the respective boundary conditions, we completely determined the electric and magnetic fields for the three regions in a quasianalytical manner. From this, we were able determine the reflection, transmission, and absorption in graphene. From the knowledge of the fields, we could determine the spatial probability density of exciting a SPP in graphene. We have studied its dependence on the frequency of the incoming field and found peaks that we were able to identify with the efficient excitation of SPP's. The methods developed here can also be extended to gratings, with the fields represented by a Fourier series instead of a Fourier integral. * * * 
